Abstract. Alcohol consumption is an increased risk factor for hormone-dependent breast cancer but the underlying molecular bases are unknown. Several studies suggest that ethanol could activate the estrogen signaling pathway. We have performed an in vitro study in order to investigate the molecular players involved in this phenomenon. Exposure of MCF-7 breast cancer cells to ethanol induced an increase in the mRNA level of two well known estrogen target genes: progesterone receptor (PR) and pS2. This result was confirmed by an increase in luciferase activity in pEREtkLuc-transfected MCF-7 cells exposed to ethanol. These effects, whose intensity was similar to those of E 2 , were observed also in steroid-free medium and were inhibited by the antiestrogen ICI 182,780. This suggested a ligand-independent activation of ERα that was confirmed by the absence of ERα proteolysis in ethanol-treated cells. Using PKA inhibitor (H89), the study of phospho-CREB by Western blot and transfection experiments with a CRE-reporter construct demonstrated that PKA was involved in ethanol-induced transcription of ERα target genes. Adenylyl cyclase inhibition impaired the activation of estrogen signaling pathway induced by ethanol. The results obtained in vitro, are discussed in regard to alcohol consumption and relevance to humans.
Introduction
Breast cancer is the most common cancer in women. About 70% of human breast cancers are related to sex hormone exposure and 60% of all patients have hormone-dependent breast cancer. These tumors express estrogen receptors (ER) and require estrogens for their growth (1) (2) (3) . The effects of these hormones on tumor development are mediated by the receptor ERα, a member of the superfamily of steroid nuclear receptors that commonly function as ligandregulated transcription factors. In cells, ERα is associated in a protein complex containing heat shock protein 90, which prevents the association of the receptor with DNA. In the best understood mode of action, or 'classical pathway', ligand binding induces a conformational change of ERα and the dissociation of the protein complex. The liganded receptor then binds to specific estrogen response elements (EREs) within target genes and recruits a p160/p300 coactivator complex to the promoter (4, 5) . This coactivator complex promotes gene transcription by remodeling chromatin and by contacting the basal transcription machinery. For instance, progesterone receptor (PR) and pS2 are two estrogen target genes that are often studied in breast cancer (6, 7) . A second mode of action has been described in which, following hormone binding, the ERα could utilize unspecified proteinprotein interactions to enhance the activity of heterologous transcription factors such as AP-1 (8, 9) or Sp1 (10) .
In addition to these hormone-dependent ERα activations, hormone-independent activation also occurs in human breast cancer cells. Indeed, many studies have shown that ERα activity can be stimulated by modulation of several kinase pathways (11) . As an example, the mitogen-activated protein kinase (MAPK) pathway activated by epidermal growth factor directly phosphorylates ERα in the absence of ligand and induces ER transactivation (12, 13) . Similarly, ligandindependent ER activators can act via the protein kinase A (PKA) signaling pathway. Activation of PKA by 8-bromocyclic AMP, a stable form of cyclic AMP, and an activator of adenylyl cyclase, cholera toxin or forskolin, enhances ER phosphorylation and activity (14, 15) .
Many epidemiological studies show that chronic alcohol consumption, even with a moderate dosage, increases significantly the incidence of breast cancer (16) (17) (18) (19) and promotes mammary tumorigenesis (20, 21) . Estrogens seem to be involved in these effects since the increased risk is associated with a higher frequency of ER-positive tumors. Moreover, in pre-and post-menopausal women, alcohol consumption increases the circulating level of estrogens and DHEA (22, 23) .
In ER-positive breast cancer cells, several in vitro studies have shown that ethanol enhances cell proliferation (24) (25) (26) (27) .
This effect was observed between 0.0001% and 1% depending on the study and the method used to analyze cell proliferation (24) (25) (26) (27) . We have demonstrated that this effect is associated with an increase in the expression of ERα and aromatase, the enzyme responsible for estrogen synthesis (27) . Ethanol can also stimulate cell invasion (28, 29) . Interestingly, we have recently shown in MCF-7, that ethanol increases MMP-9 secretion via ERα activation (30) . These results suggest that the estrogen signaling pathway plays a key role in the effects induced by ethanol in breast cancer cells. Furthermore, it has been reported that ethanol increases estrogen receptor activity in MCF-7 (31). Thus, ethanol could act as an 'estrogenlike' compound on breast cancer cells but the interactions between ethanol and the estrogen signaling pathway are not clearly understood.
In the present study, we show that ethanol treatment stimulates the transcription of estrogen responsive genes in MCF-7 cells. We demonstrate that ethanol induces the cyclic AMP/PKA signaling pathway leading to the activation of ERα in a ligand-independent manner. These results are discussed in regard to relevance for humans.
Materials and methods
Materials. Dulbecco's modified Eagle's medium (DMEM), L-glutamine and 17-ß-estradiol (E 2 ) were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France) and fetal calf serum (FCS) from Eurobio (Les Ulis, France). ICI 182,780 was purchased from Tocris Cookson (Bristol, UK). H89 and SQ22536 were purchased from Calbiochem (La Jolla, CA). These chemicals were dissolved in ethanol. When added to the medium of ethanol-treated cells, the ethanol final concentration did not exceed 0.3%. For non-ethanol treated-cells, the chemicals were diluted in medium with an ethanol final concentration <0.01%.
Cell culture and treatment. The MCF-7 (HTB 22; human breast adenocarcinoma, ER-positive) cell line was obtained from the American Tissue Culture Collection (Rockville, MD). Cells were routinely grown at 37˚C in a 5% (v/v) CO 2 humidified atmosphere. They were cultured in DMEM supplemented with 10% FCS and 2 mmol/l L-glutamine.
For RT-PCR analyses, cells were seeded in 6-well plates at a density of 8x10 4 cells/well in 2 ml of DMEM supplemented with 5% FCS and 2 mmol/l L-glutamine. After 24 h of incubation to allow for cell attachment, the medium was replaced with phenol-red free DMEM supplemented with 1% FCS and 2 mmol/l L-glutamine. After 24 h, the medium was eliminated and cells were washed three times with PBS. Cells were treated for 24 h with ethanol at different concentrations and/or various compounds in phenol-red free DMEM supplemented with 2 mmol/l L-glutamine with 1% FCS. Ligand-independent studies were performed in similar conditions but in serum-free medium.
For Western immunoblotting analyses, cells were treated in the same conditions but were seeded in 75 cm 2 flasks at a density of 1.5x10 6 cells/flask.
Semi-quantitative RT-PCR.
Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Cergy Pontoise, France)
according to the manufacturer's instructions. cDNA was synthetized in a 20 μl volume containing 2 μg RNA, 1.5 μg random hexamer primer, 1X Invitrogen Buffer, 7,5 mmol/l DTT, 0.6 mmol/l of each dNTP, 4 U RNase inhibitor, and 100 U of MMLV reverse transcriptase (Invitrogen). The mixture was incubated for 120 min at 37˚C and subsequently for 5 min at 94˚C in order to stop the reaction. The cDNAs were further amplified by PCR. The specific primers were 5'-TGCTCAAGGAGGGCCTGCCGCAGGT-3' and 5'-CTACTGAAAGAAGTTGCCTCTCGCC-3' for progesterone receptor (32), 5'-TTCTATCCTAATACCAT CGACG-3' and 5'-TTTGAGTAGTCAAAGTCAGAGC-3' for pS2 (33) and 5'-TACATGGGTGGGGTGTTGAA-3' and 5'-AAGAGAGGCATCCTCACCCT-3' for ß-actin (24) . PCR was carried out in a thermal cycler in a final volume of 25 μl containing 2 μl cDNA, 1X Eppendorf Taq Buffer (Eppendorf, Le Pecq, France), 0.5X Eppendorf Taq Master, 1.5-2.5 mmol/l MgCl 2 , 125 μmol/l of each dNTP, 0.33 μmol/l of each primer, and 0.5 U Taq polymerase. Negative controls were always included. Amplification was carried out under the following conditions: 94˚C for 5 min, 25-30 one-minute cycles at 94˚C (25 cycles for pS2 and ß-actin; 30 cycles for PR) 1 min at 54-65˚C, and 1 min at 68˚C, followed by a 10-min extension step at 68˚C. For each gene, the amplification took place in the linear phase of the PCR reaction. The PCR products (25 μl) were mixed with loading buffer (3 μl) and submitted to electrophoresis in a 2% agarose gel at 90 V for 60 min at room temperature. The gel was stained with ethidium bromide, viewed and photographed on a UV-transilluminator (GelDoc 2000, Bio-Rad Laboratories, Marnes-La-Coquette). A software package (Quantity One v.4.3.1, Bio-Rad Laboratories) was used to quantify the PCR products.
Real-time PCR. Real-time PCR analysis was performed on a MiniOpticon System (Bio-Rad) by using SYBR-green labeling. RNA extraction and cDNA synthesis were performed as described above for semi-quantitative RT-PCR. Oligonucleotide primer sequences for PR, pS2 and RPLP0 were described previously (34, 35) . Each sample was normalized on the basis of its RPLP0 content (RPLP0 is also known as 36B4 and encodes human acidic ribosomal phosphoprotein P0). Final results were expressed as the mean of the ratios: (E target ) ΔC Transient transfection assays. MCF-7 cells were plated at a density of 5x10 5 cells in 6-well plates in 2 ml of DMEM supplemented with 5% FCS and 2 mmol/l L-glutamine, and allowed to adhere for 24 h. A 5:1 ratio of pCRE-SEAP or pEREtkLuc vector and ß-galactosidase (ß-Gal) control vector were cotransfected using Exgen 500 (Euromedex, France), as recommended by the manufacturer.
Three μg of pCRE-SEAP or pEREtkLuc and 0.6 μg of ß-Gal control vector were used for each well. The pCRE-SEAP vector contained the secreted alkaline phosphatase (SEAP) reporter gene, with 3 tandem copies of the cyclic AMP response element (CRE) consensus sequence that upon CREB binding could induce transcription and activation of the SEAP reporter. The pEREtkLuc vector contained the luciferase reporter gene, with one copy of the estrogen response element (ERE) consensus sequence that upon ERα binding could induce transcription of the luciferase reporter. The ß-Gal control vector contained the CMV promoter and enhancer sequences, and served as a control for normalization of transfection efficiencies. After transfection, cells were allowed to grow for 24 h in phenol-red free DMEM supplemented with 10% FCS stripped in dextran-coated charcoal and 2 mmol/l L-glutamine. Cells were then treated for 24 h in fresh medium. SEAP activity was measured by using the BD Great Escape SEAP detection kit (BD Biosciences, CA) and Luciferase activity by using the Bright-Glo Luciferase Assay System (Promega, Charbonnieres, France) as recommended by the manufacturer. ß-Gal activity was measured using the ß-Galalactosidase Enzyme Assay System (Promega). SEAP and luciferase activity were detected using a luminometer and ß-Gal activity using a spectrophotometer. SEAP and luciferase reporter activity was normalized with the ß-Gal activity.
Statistical analysis. The results are expressed as mean ± standard error of several experiments as indicated in the text. Differences among treatment groups were tested using analysis of variance (ANOVA). Statistically significance was set at P<0.05. When significant differences were detected, specific post-hoc comparisons between treatment groups were examined with the Student Newman's Keuls test (SPSS v11.0 Computer Software).
Results

Ethanol stimulates the expression of ERα target genes.
To investigate the involvement of ERα signaling pathway in ethanol activity, we studied two well known estrogen responsive genes: the progesterone receptor (PR) and pS2 (6, 7) . Their expression was analyzed by semi-quantitative RT-PCR in MCF-7 breast cancer cells treated with various concentration of ethanol (0.1-0.7% i.e. 17-119 mmol/l) or E 2 (1 nmol/l) for 24 h in 1% FCS containing medium (Fig. 1 ). In case of E 2 stimulation, our results showed a significant 2.1-fold and 1.4-fold increase in the PR and pS2 mRNA levels, respectively, compared to control levels (p<0.05). In ethanol-treated breast cancer cells, we observed a significant 1.6-fold increase in PR mRNA level for either 0.1 or 0.3% ethanol and a 1.3-fold increase in pS2 expression for a dose of 0.3% (P>0.05). Since the dose of 0.3% was more efficient, we decided to use this concentration in the following experiments.
In order to determine whether ERα is involved in the ethanol-induced increase in PR and pS2 expression, we used an antiestrogen: the 'pure' antagonist ICI 182,780 (37) . We have recently shown that this compound was able to block the E 2 -triggered increase in PR expression in MCF-7 cells with the best efficiency observed at the concentration of 100 nmol/l (30) . By semi-quantitative RT-PCR analysis, we showed that at this concentration, ICI 182,780 inhibits significantly the increase in both PR and pS2 mRNAs expression induced by E 2 (1 nmol/l) as well as ethanol (Fig. 2) . Besides, the level of PR mRNAs was lower than in control cells. This could be explained by the fact that ICI 182,780 binds to ERα and inhibits ER signaling not only by competition with the agonists but also by ERα proteolysis induction (38). However, pS2 expression was similar to those of control cells suggesting that the E 2 sensitivity of pS2 expression is different from those of PR in MCF-7 cells. These results demonstrated that ethanol is able to activate the estrogen signaling pathway in MCF-7 breast cancer cells and enhance the transcription of these ERα target genes.
ERα activation by ethanol is ligand-independent. Our previous study showing that ethanol treatment leads to an increase in aromatase expression in breast cancer cells suggested that ERα activation could be the result of an increase in local estrogen concentration (27) . To test this hypothesis, we decided to use serum-free medium which does not contain steroid hormones. PR and pS2 expressions in MCF-7 cells treated for 24 h with ethanol (0.3%) were analyzed by semiquantitative RT-PCR (Fig. 3A and B) . In control cells, the level of PR expression was lower than in our previous experiment using 1% FCS (compare with Figs. 1 and 2 ). This is consistent with the absence of steroids in the medium. pS2 expression was also decreased, but more modestly. This is in agreement with the lower sensitivity to E 2 of this gene in our conditions. Despite the absence of steroid hormones, ethanol still increased pS2 expression significantly (1.4-fold) and to a greater extent PR expression (3.1-fold). Interestingly, these increases were similar to those observed in MCF-7 cells exposed to 1 nmol/l E 2 . Moreover, this ethanol-induced increase in PR and pS2 expression was inhibited by ICI 182,780 (100 nmol/l). The difference of PR expression level in cells exposed to ICI 182,780 versus control cells was not so important than in our previous experiments performed in the presence of 1% FCS. This is in agreement with the absence of steroid hormones in the medium. But again, the basal level of pS2 expression was not affected by the presence of ICI 182,780. This reinforces the lower sensitivity of its expression to E 2 . In order to confirm the transcriptional activation of ERα target genes by ethanol in steroid-free medium, we used two more quantitative approaches. First, real-time RT-PCR analyses showed an increase in PR and pS2 expressions (2.6-and 1.5-fold respectively) in MCF-7 cells exposed to a 24-h treatment with 0.3% ethanol in serum-free medium (Fig. 3C) . Again, the increase in PR expression was higher than those observed for pS2. An increase in the expression of both genes was also observed in E 2 -treated cells (1 nmol/l), PR showing a higher sensitivity than pS2 (5.3 and 3.2 fold respectively) (Fig. 3C) .
In the second approach, MCF-7 cells were grown in medium containing 10% FCS stripped in dextran-coated charcoal and transiently transfected with the reporter construct pEREtkLuc. They were treated for 24 h with 0.3% ethanol in presence or absence of ICI 182,780 (100 nmol/l), respectively. In these conditions, ethanol treatment significantly increased luciferase activity (4.6-fold) with an intensity similar to E 2 (4.4-fold) and these stimulatory effects were inhibited by ICI 182,780 (Fig. 3D) . Hence, we hypothesized that ethanol treatment triggered a ligand-independent activation of ERα.
To confirm this hypothesis, we have studied changes in ERα protein content by Western immunoblotting (Fig. 4) . Indeed, it is well known that the binding of E 2 to ERα rapidly decreases ERα protein levels, which is required for the increase in transcriptional activity (38). Ligand-induced ERα degradation also occurs upon treatment with the isomer 17α-E 2 as well as antiestrogens such as ICI 182,780 even though these compounds are unable to activate ERα (37, 38) . Like in our RT-PCR analyses, MCF-7 cells were treated for 24 h, in serum-free condition, with ethanol (0.3%) or E 2 (1 nmol/l) in presence or absence of ICI 182,780 (100 nmol/l). In the presence of E2 or ICI 182,780, we observed a decrease in ERα protein level. In contrast, ERα protein level remained constant in ethanol-treated cells. This result confirmed that ethanol-induced ERα activation was ligand-independent.
Ethanol-induced ERα activation is mediated by the cyclic AMP/PKA pathway. In breast cancer cells, ligand-independent
ERα activation can be mediated by several kinase pathways including the MAPK and PKA (12) (13) (14) (15) . Since ethanol exposure induces an increase in cyclic AMP in MCF-7 cells, we examined PKA (25) . Estrogen-responsive gene expression was studied by semi-quantitative RT-PCR in MCF-7 cells that were treated with ethanol (0.3%) for 24 h, in serum-free condition, in presence or absence of H89 (10 μmol/l). The ethanol-induced increase in PR and pS2 expression was completely inhibited by the PKA inhibitor H89 (Fig. 5A) . To confirm this result, MCF-7 cells were grown in medium containing 10% FCS stripped in dextran-coated charcoal and transiently transfected with the reporter construct pEREtkLuc. They were treated for 24 h with 0.3% ethanol or forskolin (1 μmol/l) in presence or absence of H89 (10 μmol/l), respectively. Ethanol and forskolin treatment significantly increased luciferase activity (Fig. 5B ). H89 inhibited partially the effect of forskolin, showing the efficiency of this inhibitor. A more total inhibition could have been observed if MCF-7 cells had been pretreated with H89 since forskolin, which is a powerfull adenylyl cyclase stimulator, acts probably more rapidly than H89. In case of ethanol-treated cells, the stimulatory effect was completely abolished by the PKA inhibitor.
The inhibitory effect of H89 on ethanol-induced activation of ERα suggested that the cyclic AMP/PKA pathway was stimulated in MCF-7 cells exposed to ethanol. In order to confirm this hypothesis, we studied CREB, a transcription factor that can be activated by PKA-dependent phosphorylation of serine 133 (S133) (39) . MCF-7 cells were grown during 24 h in serum-free medium containing 0.3% ethanol. Then, proteins from cell lysates were examined by Western blot analysis using an antibody that recognizes CREB phosphorylated at residue S133 (Fig. 6A) . Ethanol induced the phosphorylation of CREB. Furthermore, cotreatment of cells with H89 resulted in a complete inhibition of ethanol-induced S133 phosphorylated CREB levels.
CREB activation by phosphorylation was further analyzed by its ability to interact with its DNA-response element, the CRE (cyclic AMP response element). MCF-7 cells were transiently transfected with the reporter construct pCRE-SEAP and treated for 24 h with 0.3% ethanol in presence or absence of H89 (10 μmol/l), respectively. Ethanol treatment significantly increased CRE-SEAP activity (Fig. 6B ). This stimulatory effect was inhibited by H89. The CRE-SEAP activity was also increased by forskolin treatment (1 μmol/l) (data not shown). These results confirmed that ethanol was able to upregulate the activity of PKA in MCF-7 cells.
PKA activity can be activated by the binding of cyclic AMP to its regulatory subunits (40) . Using a specific adenylyl cyclase inhibitor (SQ22536), we determined the involvement of this enzyme in ethanol-induced ERα activation. PR expression was analyzed by semi-quantitative RT-PCR in MCF-7 cells treated with ethanol (0.3%) for 24 h in the presence or absence of SQ22536 in serum-free medium, respectively. The increase in PR expression usually induced by ethanol was significantly inhibited by SQ22536 (30 and 150 μmol/l) ( Fig. 6C and D) .
Taken together, these results established that the ligandindependent activation of ERα by ethanol was mediated by the cyclic AMP/PKA pathway.
Discussion
Alcohol consumption increases the risk for breast cancer in women by still undefined pathways (16) (17) (18) (19) . A growing number of in vivo and in vitro studies have been performed in order to identify the mechanisms involved in alcohol effects (20, 21, (24) (25) (26) (27) (28) (29) (30) (31) . One explanation could be that ethanol activates the estrogen signaling pathway which is responsible for estrogen-dependent breast cancers. Indeed, ethanol treatment stimulates the proliferation of hormone-dependent breast cancer cells (24) (25) (26) (27) . One study reported that ethanol could stimulate estrogen receptor signaling in human breast cancer cell lines (31) . The authors showed that when MCF-7 or T-47-D cells were transfected with a plasmid containing an EREtkLuc construct and then incubated with E 2 plus ethanol, there was a dose-dependent increase in E 2 -stimulated reporter activity. Moreover, ethanol can also stimulate breast cancer cell invasion and migration (28) . We have recently observed that this might be related to an increase in MMP-2 and MMP-9 secretion (30). This effect was partially inhibited by the anti-estrogen ICI 182,780, suggesting again an activation of ERα in ethanol-treated cells. The present in vitro study was performed to demonstrate the activation of ERα in breast cancer cells incubated in ethanol containing medium and to determine the molecular bases of this activation.
First, we studied mRNA expression of two well known estrogen regulated genes: those encoding the progesterone receptor (6) and those encoding pS2 (7) . Both PR and pS2 mRNAs were increased after 24 h of ethanol treatment, with the most efficient dose being 0.3% ethanol. The increase in PR and pS2 was modest but reliable since the same result was observed in numerous experiments (a mean of 5 replicates is shown for instance in Fig. 1) . Moreover, the increase observed in case of ethanol exposure was always similar to those observed in response to E 2 . The concentration of 0.3% has been previously described to stimulate the proliferation of estrogen-dependent breast cancer cell lines, not only MCF-7 but also ZR-75-1 (24) (25) (26) (27) . No significant increase in PR and pS2 transcription level was observed at higher doses. One might suggest that this was due to a decreased cell viability. However, studies by the MTT dye conversion assay showed that after a 24-h treatment, MCF-7 cell viability was not affected below 100 mmol/l (0.58%) ethanol (28) . Nevertheless, our results showing that high doses of ethanol do not stimulate significantly the expression of E 2 -regulated genes are consistent with the fact that the increase in cell proliferation induced by ethanol after a 24-h exposure is not always observed at high doses of alcohol (26) .
What are the molecular events responsible for the higher expression of PR and pS2 observed in MCF-7 cells incubated during 24 h in 0.3% ethanol? Although the expression of both genes is regulated by estrogens, other factors could be involved. For instance, the level of MCF-7 cell pS2 mRNA can also be increased by the tumor promoter 12-0-tetradecanoylphorbol-13-acetate (7) . Similarly, PR expression in MCF-7 can be stimulated by several transcription factors such as HOXA5 (42) . However, since the pure antiestrogen ICI 182,780 abolished the ethanol-induced increase in PR and pS2 expression, this clearly demonstrated the involvement of ERα in this phenomenon. (25) . Increased cyclic AMP stimulates PKA activity which phosphorylates CREB. Phosphorylation of CREB upregulates cyclic AMP-inducible gene transcription. PKA also induces a ligand-independent activation of ERα either by a direct phosphorylation and/or by an interaction with phosphorylated CREB (14, 51) . The activated receptor then binds to specific estrogen response elements (EREs) within target genes, recruits the coactivator complex and promotes gene transcription.
Since we have previously shown that ethanol-treated MCF-7 cells displayed a higher level of aromatase (27) , we hypothesized that ethanol-induced stimulation of ERα was the result of a local production of estrogens via aromatase. Indeed, when MCF-7 cells are cultured in a low estrogen medium and treated with aromatizable androgens, there is significant cell growth stimulation which is completely inhibited by the aromatase inhibitor letrozole (43) . The increase in PR and pS2 expression can also be the consequence of the aromatization of testosterone to E 2 (43, 44) . Similar processes seem to occur in breast tumors and women with estrogen responsive breast cancer receive not only anti-estrogen therapy with tamoxifen but also aromatase inhibitors (45) . In order to determine if steroids are required for ethanol to stimulate PR and pS2 expression, we performed experiments in steroid-free medium.
In serum-free condition, ethanol treatment (0.3%) still increased PR and pS2 mRNA levels. The intensity of this response was similar between semi-quantitative RT-PCR and real-time RT-PCR analyses. It was similar to the intensity measured for E 2 (1 nmol/l) in semi-quantitative RT-PCR whereas it was lower than those of E 2 in real-time RT-PCR experiments. Whatever the method (semi-quantitative or realtime RT-PCR) and the stimulating compound (0.3% ethanol or E 2 ), the increase in pS2 mRNA level was always lower than those observed for PR. The response observed for PR was higher in serum-free medium than in FCS-containing medium with ethanol or E 2 whereas pS2 response was similar in both conditions. Our result on PR expression in response to E 2 is consistent with the higher sensitivity of MCF-7 cells to this steroid in terms of cell proliferation, that has already been reported in newborn calf serum versus fetal calf serum containing medium, the latter containing a higher concentration of steroids (43) . In stripped serum condition, ethanol treatment (0.3%) increased luciferase activity of pEREtkLuc transfected MCF-7 cells, with an efficiency similar to those observed for E 2 (1 nmol/l). The confirmation by real-time RT-PCR analyses and transfection assays of ethanol effects deduced from semi-quantitative RT-PCR experiments is important. Indeed, these methods are quantitative and moreover, it demonstrates definitely the involvement of an ERE-mediated effect of ethanol.
The induction of E 2 target gene expression by ethanol in steroid-free medium suggested that these hormones, especially estrogens, were not involved in this mechanism. However, the inhibition of ethanol effect by ICI 182,780 prompted us to hypothesize that ERα was still implicated. Then we proposed that ethanol treatment leads to a ligand-independent activation of the receptor. Indeed, ERα activation can occur without any estrogen in the culture medium and then is dependent on several kinase pathways including the MAPK and PKA pathways (12) (13) (14) (15) . To confirm our hypothesis, we analyzed the ERα protein content by Western blotting. Indeed, it is well described that ERα is downregulated in the presence of its cognate ligand E 2 , as well as in the presence of antiestrogens, through the ubiquitin proteasome pathway (38,46). On the contrary, ligand-independent stimulation of ERα transcription by the PKA pathway does not lead to receptor degradation (47 (48) . This absence of ERα proteolysis following exposure to ethanol confirmed our hypothesis of a ligand-independent activation of the receptor.
The use of the selective inhibitor of PKA (H89) allowed us to identify the kinase pathway involved in this mechanism. H89 abolished completely the increase in PR and pS2 mRNA levels induced by ethanol. The activation of PKA by ethanol was confirmed by several analyses. It is well known that CREB is activated by PKA (49) . An antibody raised against phosphorylated CREB (at Ser 133) detected a higher amount of phospho-CREB in ethanol-treated MCF-7 cells. An event downstream of CREB phosphorylation is its association to CREB-binding protein (CBP) and the subsequent transcription of target genes with CRE in their promoter. As expected, ethanol stimulated the expression of the SEAP reporter gene in MCF-7 cells transfected with a CRE-SEAP construct. These findings are consistent with the fact that treatment of MCF-7 cells with PKA activators stimulates pS2 transcription in the absence of detectable estrogens (50, 51) . They are also in agreement with our results showing that forskolin is able to increase luciferase activity in pEREtkLuc transfected MCF-7 cells. The nature of the relationship between PKA and ERα in ethanol-treated MCF-7 cells remains to be elucidated. We questioned whether ERα activation requires its association with other partners like PKA phosphorylated-CREB and CBP or whether PKA directly phosphorylate ERα (14, 52) . Since it has been shown that forskolin-triggered PKA activation protects ERα from ligand-mediated degradation (47), we rather agree with the second hypothesis. Indeed, a 6-day ethanol exposure in serum-containing medium (1%) increases the ERα protein content which could be the result of a reduced proteolysis (27) . Nevertheless, the use of an antibody raised against a phosphorylated synthetic peptide which represented a portion of ERα around serine 305 that is included in a consensus sequence for PKA phosphorylation (Bethyl Laboratories Inc.), did not allow us to definitely conclude on ERα phosphorylation. In addition, a stimulation of ER-target gene expression was always observed after 24 h of ethanol exposure whereas at a shorter timepoint (8 h), a high variability in this response of MCF-7 cells to alcohol was observed (not shown). This suggests that the increase in ERα target genes is an indirect event downstream of PKA activation. Additional studies are needed to elucidate that point.
Our results showing the activation of PKA are in agreement with a previous study showing an increase in cyclic AMP in MCF-7 and T47-D breast cancer cells exposed to ethanol (25) . Furthermore, using an inhibitor of adenylyl cyclase (SQ22536), we observed a blockade of ethanol-induced increase of PR mRNA expression in MCF-7 cells. Adenylyl cyclase can be activated by G protein-coupled membrane receptors. Interestingly, ethanol has been reported to stimulate cyclic AMP production in both neuroblastoma x glioma hybrid cells (NG 108-15) and lymphoma cells via the A 2a AR (41) . A similar process could be involved in ethanoltreated MCF-7 cells.
What is the relevance to humans of our in vitro studies? In regard to alcohol consumption, it can be reminded that according to Widmark formula, a woman drinking 0.6 g alcohol per kg of body weight over a one-hour period has blood ethanol concentrations of approximately 0.1% one hour later (54) . So, a 65-kg woman needs to drink 39 g alcohol (approximately 0.5 l of wine) to have a blood ethanol concentration of 0.1%. Obviously, studies of lethal dosage cannot be tested empirically in the laboratory, so the LD:50 for alcohol is estimated from post-mortem cases in which alcohol poisoning was found to be the primary cause of death. Most authorities agree that blood alcohol concentrations in the 0.40-0.50% range meet the requirements for the LD:50. So, the concentration of 0.3% used in most of our experiments, due to the higher intensity of its effect, could be considered as too high to mimic the in vivo situation. Nevertheless, we also observed the stimulation of estrogen target genes expression in response to 0.1% ethanol (Fig. 1) , a concentration that is in the range of those measured in vivo following alcohol consumption. Besides, an increase in MCF-7 cyclic AMP content was also described in case of treatment with a concentration of 0.15% (25) . The stimulatory effects of ethanol on breast cancer cell proliferation are also observed at 0.1% (24) (25) (26) (27) . Our study indicates that ethanol can be considered as a tool to study in vitro molecular mechanisms. In that context, high doses of ethanol are often used: for instance 100 mM (i.e. 0.6%) to study adenosine uptake in human lymphoblastoid cell lines (42) . Ethanol could be an interesting tool to study ER and especially the ligandindependent activation that we have shown here.
In conclusion, our study demonstrates that ethanol treatment of MCF-7 breast cancer cells stimulates the cyclic AMP/PKA pathway which triggers two important events: an increase in the expression of genes with CRE in their promoter, like aromatase (27, 55) as well as a ligand-independent activation of ERα and transcription of target genes (Fig. 7) . Both events could have a dramatic effect on breast cancer cells since estrogen signaling pathway plays a key role in their physiology.
